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Habenula is an epithalamic nucleus connecting the forebrain with the ventral midbrain
and hindbrain that plays a pivotal role in decision making by regulating dopaminergic and
serotonergicactivities. Intriguingly,habenulahasalsoattractedinterestasamodelforbrain
asymmetry, since many vertebrates show left–right differences in habenula size and neural
circuitry.Despitethefunctionalsigniﬁcanceofthisnucleus,fewstudieshaveaddressedthe
molecular mechanisms underlying habenular development. Mammalian habenula consists
of the medial and lateral habenulae, which have distinct neural connectivity. The habe-
nula shows phylogenetic conservation from ﬁsh to human, and studies using genetically
accessible model animals have provided molecular insights into the developmental mecha-
nisms of the habenula.The results suggest that development of the habenular asymmetry
is mediated by differential regulation of the neurogenetic period for generating speciﬁc
neuronal subtypes. Since the orientation and size ratio of the medial and lateral habenu-
lae differ across species, the evolution of those subregions within the habenula may also
reﬂect changes in neurogenesis duration for each habenular subdivision according to the
evolutionary process.
Keywords: habenula, brain asymmetry, lateralization, monoamines, neurogenesis, interpeduncular nucleus,
zebraﬁsh, evolution
The habenula in the epithalamus connects the limbic forebrain
with the midbrain and hindbrain where the monoaminergic neu-
rons are concentrated. This nucleus has attracted growing inter-
est because recent studies implicated it as a negative source of
the reward signal in midbrain dopaminergic neurons (Hikosaka,
2010), and it plays critical roles in the pathophysiology of psychi-
atricdisordersincludingdepression(Lecourtieretal.,2004;Roiser
et al.,2009; Sartorius et al., 2010; Li et al.,2011).
The habenular structure is well conserved across species, with
all vertebrates examined possessing the efferent pathway of the
habenula, which is called the fasciculus retroﬂexus or habenulo-
interpeduncular tract which runs longitudinally from the epi-
thalamus to the ventral midbrain (Concha and Wilson, 2001).
This conservation allowed us to use model animals that are more
amenabletogeneticmanipulationtoanalyzethedevelopmentand
function of the habenular circuitry (Okamoto et al., 2011). The
habenula is also peculiar in that many vertebrates show conspicu-
ous left–right asymmetry in its size and cytoarchitecture (Concha
and Wilson, 2001), suggesting this brain region as a good model
for the analysis of brain asymmetry.
Hereinwediscussthisexpandingresearchﬁeldonthehabenula
andsummarizerecentﬁndingsfromthegeneticanalysisof animal
models like zebraﬁsh.
HABENULA MODULATES ANIMAL BEHAVIORS VIA
MONOAMINERGIC REGULATION
Habenula was previously implicated as a regulatory center for
the dopaminergic and serotonergic systems in the central nervous
system (CNS), based on studies showing that lesions in the habe-
nula led to increased monoamine metabolism (Nishikawa and
Scatton, 1985; Nishikawa et al., 1986). In addition, electric stim-
ulation of the habenula inhibited the ﬁring of dopaminergic and
serotonergic neurons in anesthetized animals (Wang and Agha-
janian, 1977; Christoph et al., 1986). However, it has remained
unclear when the habenular neurons are activated in the behav-
ing animals. Recent electrophysiological studies in monkeys also
revealed activation of the lateral habenular neurons in response
to the aversive stimuli and outcomes that seem inappropriate for
the chosen behaviors, as opposed to the inactivation of midbrain
dopaminergic neurons (Matsumoto and Hikosaka, 2007, 2009).
These results substantiated the view that the habenula act as a
negative source for the monoaminergic systems.
Based on these previous observations, lateral habenula was
implicated in the pathophysiology of psychiatric disorders such
as schizophrenia and depression in which dysregulation of the
monoaminergic systems has long been postulated as the neural
bases of these diseases (Sandyk, 1991; Ellison, 1994). Depressive
patientsshowincreasedcerebralbloodﬂowinthehabenula(Mor-
risetal.,1999;Roiseretal.,2009),andexcitatorysynapsesontothe
lateral habenular neurons are potentiated in learned helpless rats
showingdepression-likebehaviors(Lietal.,2011).Itwastherefore
hypothesizedthatincreasedexcitabilityinthelateralhabenulamay
underliethepathophysiologyofdepression.Thus,reducinghyper-
excitabilityinthehabenulabysurgicalmethodssuchasdeepbrain
stimulationisaplausiblefuturetherapystrategyfordrug-resistant
depression (Sartorius et al., 2010).
www.frontiersin.org December 2011 | Volume 5 | Article 138 | 1Aizawa et al. Epithalamic development and brain asymmetry
However, only a limited number of studies have addressed the
function of the medial habenula, probably because this structure
is too small to be targeted by conventional experimental meth-
ods such as lesioning or stimulation. Genetic manipulation of
the medial habenular neurons and their homologs conﬁrmed that
medial habenula is essential in controlling nicotine intake (Fowler
et al.,2011) and fear expression (Agetsuma et al.,2010).
Despite this demonstrated functional signiﬁcance of habenula,
examiningthefunction,anddevelopmentalmechanismforasub-
setoffunctionalpathwaysremaineddifﬁcult,mainlybecausethere
wasnomodelanimalwithneuralcircuitrythatisreadilyamenable
t oag e n e t i ca p p r o a c h .
PHYLOGENETIC CONSERVATION OF THE MEDIAL AND
LATERAL HABENULAR PATHWAYS
The mammalian habenula is subdivided into medial and lat-
eral habenulae, each of which project to different targets. The
medial habenula projects, almost exclusively, to the interpedun-
cular nucleus (IPN; Herkenham and Nauta, 1979), whereas the
lateral habenula projects to a variety of nuclei such as rostro-
medial tegmental nucleus (Herkenham and Nauta, 1979; Jhou
et al., 2009; Kauﬂing et al., 2009), raphe nuclei, substantia nigra,
ventral tegmental area (Herkenham and Nauta, 1979), and the
nucleus incertus (Goto et al.,2001; Olucha-Bordonau et al.,2003;
Figure 1A). However, few studies have addressed whether subre-
gions homologous to the medial and lateral habenulae in mam-
mals are present in the other vertebrates, despite the ﬁber bundle
FIGURE1|E v olutionary conservation of the medial and lateral
habenular pathways in vertebrates. Schematic diagram of sagittal
sections from rat (A) and zebraﬁsh (B) showing homologs for the medial
(red) and lateral (blue) habenular circuitries.The entopeduncular nucleus
[purple in (B)] sends axons to the habenula in zebraﬁsh, although the target
of those axons within the habenula remains unclear. RMTg, rostromedial
tegmental nucleus; SNc, substantia nigra, pars compacta; VTA, ventral
tegmental area.
called the fasciculus retroﬂexus connecting the habenula with the
ventral midbrain in all vertebrates examined (Figures 1A,B).
Subdivisionofthehabenulaintothemedialandlateralhabenu-
laeoccursinreptiles,birds,andmammals(Figures2A–C;Concha
and Wilson, 2001). In lizard, the mediolateral organization of the
habenula and its efferent connectivity is comparable to that found
in mammals, in which the medial and lateral habenulae project
to the IPN and raphe nuclei, respectively (Distel and Ebbesson,
1981; Engbretson et al., 1981). Although the medial habenula
homolog that projects to the IPN is conserved from ﬁsh to mam-
mals (red lines in Figures 1A,B), it remains unclear whether ﬁsh
and amphibia have lateral habenular pathways. Fish and amphib-
ianhabenulaecanbesubdividedintodorsalandventralhabenulae
based on the cytoarchitecture (Figures 2D,E; Braford and North-
cutt,1983;KemaliandLazar,1985),withsomehabenularneurons
projecting to the serotonergic neuron-rich raphe nuclei,although
studiesshowingthislackeddetailedpositionaldescriptionsofsuch
neurons with respect to the dorsal and ventral organization of
the habenula (Kemali and Lazar, 1985; Yanez and Anadon, 1996;
Guglielmotti and Fiorino, 1998; Tomizawa et al., 2001; Aizawa
et al.,2005; Bianco et al., 2008).
FIGURE 2 | Subnuclear organization of the habenula in vertebrates.
(A–E) Schematic drawings of coronal sections taken at the level of the
habenula, showing regions homologous to the mammalian medial (light
green) and lateral habenulae (pink) of the macaque monkey (A), rat (B),
side-blotched lizard (C), European frog (D), zebraﬁsh (E).The small dots
indicate regions rich in cell bodies, and the remaining gaps are neuropils.
(A,B) were adapted from Amo et al. (2010). (C,D) Schematics modiﬁed
from data presented previously by Guglielmotti and Fiorino (1998) (D) and
Engbretson et al. (1981) (C). (E) Schematic drawing based on a coronal
section of adult zebraﬁsh stained with cresyl violet. (F) Development of the
ventral habenula, based on expression patterns of the ventral habenular
marker, diamine oxidase. Coronal views ofTg(brn3a-hsp70:GFP) zebraﬁsh
showing the distributions of dao-expressing cells in the ventral habenula
(red) and GFP-expressing cells in the medial subnucleus of the dorsal
habenula (green). Developmental stages are indicated beneath each panel.
A section of adult zebraﬁsh habenula (rightmost panel) was counter-stained
by 4
,6
-diamidino-2-phenylindole (DAPI; blue). dpf, Days postfertilization.
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Two possibilities may be considered to explain the evolution of
the medial and lateral pathways in the habenula. One is that the
lateralhabenularpathwaywasnewlyaddedtothehabenula,which
originally projected only to IPN. Another possibility assumes the
presence of both the medial and lateral habenula homologs in
the lower vertebrates as in mammals, and expansion or shrink-
age of the lateral habenula homolog later occurring in response to
changing environmental demands on the brain. To address these
possible explanations,we examined the level of medial and lateral
habenulae conservation in zebraﬁsh, a model that is genetically
accessible and amenable for live imaging. Analysis of transgenic
ﬁsh revealed that the dorsal habenula projects to the IPN and is
thus homologous to the medial habenula of mammals (red lines
in Figures1A,B;Aizawa et al.,2005). In contrast,zebraﬁsh ventral
habenulasendsaxonstothemedianraphe(bluelineinFigure1B;
Amo et al., 2010) and expresses protocadherin 10a (Hirano et al.,
1999), a speciﬁc marker of the lateral habenula of mammals.
Thus,the ﬁsh ventral habenula is homologous to the lateral habe-
nula of mammals. These ﬁndings conﬁrmed that the medial and
lateral habenular pathways are well conserved between ﬁsh and
mammals.
Sincetheventralhabenulaislocatedventromediallytothedor-
sal habenula in adult zebraﬁsh brain (Figure2E),the orientations
of these structures appear opposite to that of the mammalian
habenula in the mediolateral direction (Figures 2A,B; Amo et al.,
2010). In contrast, the lateral habenula in macaque monkeys is
expanded dorsally (pink in Figure 2A), whereas the medial habe-
nula is pushed ventromedially and appears to be residual (light
green in Figure2A; Mikula et al.,2007). Gene expression analyses
revealed that the ventromedially positioned ventral habenula (red
in Figure 2F) in the adult zebraﬁsh originated from the region of
primordium lateral to the dorsal habenula (green in Figure 2F),
and it then gradually migrated ventromedially as development
progressed (Amo et al.,2010). This suggested that zebraﬁsh habe-
nulae emerge during development with mediolateral orientation
similar to that of the mammalian medial and lateral habenulae.
The differential size ratio of the medial and lateral habenulae
across species may reﬂect the extent of the cortical input through
thebasalgangliatothelateralhabenula(YanezandAnadon,1996).
Since the number of neurons in the medial and lateral habenulae
is determined by developmental processes such as proliferation,
differentiation, and cell death, the evolutionary changes in sub-
nuclear organization in the habenula may reﬂect species-speciﬁc
modulationof theneurogeneticprocesses(FinlayandDarlington,
1995). Thus, enlargement of the lateral habenula by increasing
the duration of neurogenesis might result in ﬁner tuning of the
monoaminergic systems to evaluate a larger amount of sensory
information.
MOLECULAR MECHANISM FOR THE AXONAL GUIDANCE OF
THE HABENULAR CIRCUITRY
Epithalamus including habenular primordium in mammals is in
prosomere 2 domain (p2;Figure3A).A recent study revealed that
Fgf8 expressedinthedorsaldiencephalonincludingp2(lightblue
in Figure3A) was indispensable for development of the habenula,
FIGURE 3 | Developmental mechanism of the habenula in genetically
accessible model animals. (A) Schematic diagram of a sagittal section
from E14 rat showing the habenular primordium (red), developing axons
from the habenula (fasciculus retroﬂexus, red arrow) extending in between
prosomere 1 (p1) and prosomere 2 (p2), and developing afferents to the
habenula (stria medullaris) running along the dorsolateral surface of
prosomere 3 (p3) and p2 (as blue arrow).The dorsal part of p2 and p3
expressed Fgf8 (light blue), which drives essential signaling for habenular
development. Areas expressing guidance molecules for the habenular
axons are designated by purple (Sema3F) and light green (Netrin1). AEP ,
anterior entopeduncular area; LGE, lateral ganglionic eminence; MGE,
medial ganglionic eminence.The rostral and dorsal side is oriented at the
left and top of the panel, respectively. (B) Neurogenetic model for the
generation of left–right differences in the zebraﬁsh dorsal habenula. At
18–24h postfertilization (hpf), Nodal, and its downstream genes (green in
the top panel showing dorsal view ofTg[lefty1:GFP]) are activated in the
left dorsal diencephalon. Unilateral activation of Nodal signaling in the
dorsal diencephalon directs the parapineal migration toward left (black
arrow in the middle panel) and biases early neurogenesis in the habenular
primordium with anti-symmetric nature in the presence of Fgf8 (red arrow
between top and middle panels). Under those inﬂuences, common neural
stem cells (light blue in the bottom panel) in the habenular primordium
start to generate neural precursors for the lateral subnucleus (dHbl, red in
the bottom panel) predominantly on the left side, under the inﬂuence of
reduced Notch activity, and then neural precursors for the medial
subnucleus (dHbM, green in the bottom panel) predominantly on the right
side during late stages of neurogenesis peaked at 48hpf. PO, pineal organ;
PP , parapineal organ.
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sincemutantswithreducedFgf8 showedadose-dependentreduc-
tion in habenula size (Martinez-Ferre and Martinez, 2009). Neu-
ronal precursors for the habenular neurons are associated with
the neuroepithelial domain expressing transcription factor Dbx1
in the dorsal part of p2 (Vue et al., 2007; Quina et al., 2009).
That region ﬁrst starts to generate lateral habenular precursors
(E13 in rat), followed by the medial habenular precursors (E15 in
rat)showingthelateromedialgradientinneurogenesis(Angevine,
1970; Altman and Bayer, 1979). Initial axonal growth from the
habenular nucleus was observed as early as E13 in rats (Funato
et al., 2000), and bundles of the efferent projection (fasciculus
retroﬂexus) runs ventrocaudally between the p1 and p2 domains
to form the segmental scaffold in the embryonic diencephalon
(red arrow in Figure 3A; Figdor and Stern, 1993; Funato et al.,
2000). Domain p1 expressing semaphorin 3F (Sema3F; purple
in Figure 3A), which utilizes neuropilin-2 (Nrp2) as a receptor,
showed repulsive effects on the Nrp2-expressing axons from the
habenula in vitro (red in Figure 3A; Funato et al., 2000). Inter-
action between Sema3F and Nrp2 is needed in the formation of
fasciculated habenular axons (fasciculus retroﬂexus), since mice
lackingSema3ForNrp2showeddefasciculationorabsenceof this
axonalbundle,respectively(Chenetal.,2000;Sahayetal.,2003).In
addition to that repulsive guidance, the habenular axons express-
ing Deleted in colorectal cancer (Dcc; red in Figure 3A) are also
guided by the attractive signal, Netrin1 (light green in Figure 3A;
ligand for Dcc receptor), in the ﬂoor plate (Funato et al., 2000).
Despite this accumulating evidence for the mechanisms guiding
habenular axons, it remains unclear how and when the affer-
ents to the habenula (stria medullaris; blue arrow in Figure 3A)
develop.Molecularanalysisof transgenicanimalsexpressingﬂuo-
rescent proteins in the habenular afferents or efferents is therefore
an important way to decipher the mechanism driving habenular
circuitry emergence.
HABENULA AS A MODEL SYSTEM FOR ANALYZING
LEFT–RIGHT ASYMMETRY IN THE BRAIN
Brain asymmetry developed as a basic feature of the CNS across
thevertebrates(TogaandThompson,2003).Thisfeatureisconsid-
ered advantageous for efﬁcient processing of neural information,
suchthateachhemisphereisengagedinthedifferentialregulation
of behavior (Vallortigara and Rogers,2005). However,few studies
have addressed the molecular mechanism behind the generation
of asymmetric brain, because there is no model animal in which
neural development in both hemispheres is readily amenable to a
genetic approach.
The region homologous to the medial habenula and the other
epithalamic structures such as the parapineal/parietal organ show
conspicuous left–right differences in many vertebrates including
ﬁsh (Concha and Wilson, 2001). For instance, the left habenula
has larger neuropil, and the parapineal organ innervating the left
habenula is found only on the left side. Asymmetry in the habe-
nula is observed not only in size and cytoarchitecture, but also in
the axonal projection pattern to IPN (Aizawa et al., 2005; Gamse
et al., 2005). Among the animals with asymmetry in the habe-
nula,zebraﬁsh are genetically accessible and amenable to imaging
of morphogenetic processes because of their transparency dur-
ing development. Furthermore, the availability of markers such
as kctd12 family genes, many of which are expressed asymmet-
rically in the zebraﬁsh habenula (Gamse et al., 2003), enabled
us to detect the consequent changes of the brain asymmetry in
the mutant animals. Thus the habenular asymmetry in zebraﬁsh
provides an opportunity to examine the molecular mechanisms
underlying the development of brain asymmetry.
DEVELOPMENTAL MECHANISM THAT DIRECTS THE
EPITHALAMIC ASYMMETRY
Two possible developmental mechanisms have been suggested to
drive epithalamic asymmetry; determination of the asymmetry
direction, and generation of left–right difference. Prior to a series
of key discoveries in this ﬁeld, the ﬁrst clue came from studies
showing correlation between the direction of Nodal signal acti-
vation and asymmetry in the epithalamic region (Concha et al.,
2000; Liang et al., 2000). Nodal genes are expressed in the left lat-
eral plate mesoderm (LPM) and play a central role in asymmetric
formation of the visceral organ in all vertebrates examined so far
(Hamadaetal.,2002).Inﬁsh,aNodal-relatedgene(cyclops)isuni-
laterally activated in the left dorsal diencephalon at 18–20h post-
fertilization (hpf; top panel in Figure 3B; Rebagliati et al., 1998;
Sampathetal.,1998).Zebraﬁshmutantanalysesalsorevealedthat
the direction of habenular asymmetry (laterality) and position
of the parapineal organ were randomly determined when Nodal
signaling in the diencephalon was absent or activated bilaterally
(Concha et al., 2000). Indeed, live imaging of Nodal activation
in the embryonic diencephalon conﬁrmed that the direction of
Nodal activation was concordant with that of the habenular later-
ality (Aizawa et al., 2005). This lateralized activation is reportedly
dependent on the activity of Nodal-related gene southpaw, which
emanates from the left LPM (Long et al., 2003). However, there
couldalsobeabrain-speciﬁcmechanismunderlyingtheasymmet-
ric Nodal activation, based on studies showing symmetric Nodal
activation in the embryonic diencephalon despite intact Nodal
expression only in the left LPM in mutants defective in either
Six3 or Wnt/Axin1/β-catenin (Carl et al.,2007; Inbal et al.,2007).
Following the transient activation of Nodal signaling on the left
side, the primordial parapineal organ migrates from the midline
towardtheleftsideat28–36hpf(blackarrowinthemiddlepanelof
Figure3B;Conchaetal.,2003).Laserablationof thepremigratory
parapineal organ and mutants defective in parapineal migration
both show symmetric habenula (Concha et al.,2003;Gamse et al.,
2003; Snelson et al., 2008), suggesting that interaction between
the parapineal and habenular anlage ensures elaboration of the
lateralized epithalamus.
NEUROGENETIC ASYMMETRY DETERMINING CELL NUMBER
IN THE LEFT AND RIGHT HABENULAE
Despite the pivotal role that Nodal signaling plays in determin-
ing the direction of habenular asymmetry during the early stages
of development, a size difference is still apparent between hemi-
spheres,eveninmutantsthatlackedNodalactivationinthedevel-
oping dorsal diencephalon (Concha et al., 2000). This suggested
that Nodal signaling might be dispensable for the emergence of
left–right differences in habenula size.
The developing epithalamus in zebraﬁsh seems to display fgf8-
dependentanti-symmetry(asymmetrywithoutadirectionalbias)
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in nature that is independent of Nodal signaling (middle panel
of Figure 3B). This was shown in acerebellar zebraﬁsh mutant
embryos, which showed reduced fgf8 function and symmetric
habenula on both sides and a parapineal organ at the midline
(Regan et al., 2009). A recent study also revealed that pharmaco-
logicalinhibitionof Nodalsignalingdisruptstheearlyasymmetric
neurogenesis in habenula and parapineal migration, indicating
that unilateral activation of Nodal signaling could act on the fgf8-
expressing anti-symmetric domain in the embryonic epithalamus
tobiasboththehabenularneurogenesisandparapinealmigration
toward the left side during early development (middle panel of
Figure 3B; Roussigne et al.,2009).
Left–right difference in the number of neurons that belong to
eachsubnucleusunderliesthedevelopmentofhabenularasymme-
try. The issue of habenular asymmetry is based on the mechanism
by which these subnuclei are asymmetrically generated during
development, since the dorsal habenula in zebraﬁsh consists of
medial(dHbm,greenintherightmostpanelof Figure2F)andlat-
eralsubnuclei(dHbl,blueregiondorsolateraltodHbmintheright
most panel of Figure 2F), each of which has a distinct projection
pattern to the IPN (Aizawa et al., 2005; Gamse et al., 2005). The
birthdate analyses by bromodeoxyuridine-pulse labeling experi-
ments indicated that neural precursors for the dHbl (red in the
bottom panel of Figure 3B) emerge at an earlier stage than those
for the dHbm (green in the bottom panel of Figure 3B). In addi-
tion, more neural precursors are born on the left side than on the
rightside,mostlikelyduetotheright-dominantasymmetryinthe
activityof Notchsignaling,whichsuppressesneurogeneticactivity
in neural stem cells (Louvi and Artavanis-Tsakonas, 2006). Since
boththeneuralprecursorsforthedHblandthedHbmarederived
from common stem cells (blue in the bottom panel of Figure 3B;
Aizawaetal.,2007),moreneurogenesisinthelefthabenulainduces
quicker depletion of the stem cells in the left habenula than in the
right habenula. This causes more neurogenesis from the remain-
ing stem cells on the right side to give rise to more dHbm neurons
on the right side than on the left side at later stages of embryonic
development, which ultimately leads to the left–right asymmet-
ric subnuclear organization of the dorsal habenula (Aizawa et al.,
2007).
These studies together suggest that lateralization may work by
regulating the reciprocal expansion or contraction of subregions
within a particular brain region rather than by specifying unique
structures on either left or right sides. This allows for variation of
the brain structure between species,dependent upon the extent of
lateralization,without the need for a complete re-deﬁnition of the
structure in lateralized and non-lateralized species.
PERSPECTIVES
Recent evidence supports the view that modiﬁcation of the dura-
tion of neurogenesis, during which the particular neuronal sub-
typeisgenerated,cancauseexpansionorshrinkageof theparticu-
larhabenulasubdivision.Thismayinturnleadtoaspecies-speciﬁc
subnuclearorganizationofbrainasymmetryandenableanimalsto
adjustthesubsetpredominanceof thehabenularcircuitryaccord-
ing to the prevailing evolutionary adaptation. Further analysis of
themolecularmechanismsthatdeterminethenumberof neurons
in each subregion of the habenula by using genetically accessible
animals will be indispensable to understand how the habenula
evolved in vertebrates.
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